A B S T R A C T The intrapulmonary instillation into rat lung of enzymes that generate oxygen metabolites results in acute lung injury. The injection of xanthine oxidase and xanthine produces acute lung injury that, in the presence of superoxide dismutase, but not in the presence of catalase, can be significantly diminished, suggesting that°2 has the capacity to injure the lung. Instillation of a generator of H202, namely glucose oxidase, will, in sufficient quantities, produce acute injury that is not neutrophil-dependent. When either a low dose of glucose oxidase alone or lactoperoxidase alone is employed, little lung injury occurs. However, instilling the combination of the two enzymes produces severe, acute injury that can be blocked in a dose-dependent manner by catalase, but not by superoxide dismutase. Purified human leukocytic myeloperoxidase, but not horseradish peroxidase, will substitute for lactoperoxidase in the model of lung injury. The lung damaging effects ofthese enzymes cannot be attributed to the presence of contaminating proteases. Acute lung injury produced by the instillation of glucose oxidase and lactoperioxidase progresses to interstitial fibrosis. These studies represent a direct application of generators of oxygen metabolites to the in vivo induction of lung injury. The data suggest that rat lung is susceptible to injury by a variety of oxygen metabolites, including O°, H202 and its lactoperoxidase or myeloperoxidase-produced derivatives. The studies also indicate that lung injury produced by oxygen metabolites can result in interstitial pulmonary fibrosis.
INTRODUCTION
Considerable evidence has accumulated over recent years suggesting that oxygen metabolites may be responsible for acute injury of cells and tissues. There is much speculation that the free radicals derived from molecular oxygen represent a common etiology in injury produced by exposure to toxic levels of oxygen (1, 2) , to antineoplastic drugs (3), herbicides and other toxins (4) , and the injury produced in leukocytedependent reactions (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . In vitro, oxygen-free radicals (O2, * OH) and other metabolites ('02, H2O2, HOCI) are capable of inflicting cytotoxic damage on isolated cells (5) (6) (7) (8) (9) (10) (11) (12) . This has been clearly demonstrated for in vitro systems in which the free radicals are enzymatically derived using xanthine oxidase and myeloperoxidase and the concentrations of specific radicals altered by the addition of superoxide dismutase, catalase, and specific radical scavengers (e.g., mannitol, xanthine, thiourea, histidine) (6) (7) (8) . More compelling evidence for the role of oxygen metabolites in inducing tissue injury has been provided by recent investigations in which inhibitors of specific free radicals have been shown to block the cytotoxic effects of neutrophils (5, 10, 11) , activated macrophages (9) , and T lymphocytes (12) . It appears that, depending on the experimental constraints imposed on a given in vitro system, the degree and specificity of injury induced by specific free radicals can be altered.
Despite the current advances in our understanding of the role of oxygen metabolites and free radicals in initiating cytotoxic damage and tissue injury, there remains a paucity of evidence of a direct nature to support the conclusions derived from the in vitro data. Recently, using inhibitors, two groups have reported the suppression of the reverse passive Arthus reaction in the skin of rats by systemic administration of superoxide dismutase (13, 14) , thereby, implicating the role of0O in immune complex mediated acute inflammation. This current study was undertaken in an attempt to examine in vivo the capacity of oxygen-derived free radicals to initiate tissue injury. In this report, we provide direct evidence that enzymes capable of generating oxygen metabolites will cause significant, acute tissue damage in rat lungs. Under certain conditions, the eventual outcome is extensive interstitial pulmonary fibrosis. The data derived by examining the effects of a variety of mixtures that will generate oxygen metabolites as well as the use of inhibitors of these products suggest that the rat lung is susceptible to injury that can be induced by a variety of oxygen-derived metabolites.
METHODS
Animnals. Young adult 250-g male Long Evans rats (Charles River Breeding Laboratories, Wilmington, Mass.) were used in these studies. Under Ketamine anesthesia, tracheosotomy incisions were performed and reagents in a volume of 0.25 ml in phosphate-buffered (pH 7.4) saline were injected into the airways during inspiration via a fine Teflon catheter. Afterwards, the catheter was removed and the incision closed with silk surgical thread.
Pulmontary injury. This was measured quantitatively by methods that have recently been described in detail (14) . Briefly, -1 ,uC '251-rat albumin (-0.5 ,g) is injected intravenously at time zero, immediately after injection of reactants into the lung. 4 h later, animals are sacrificed by ether anesthesia and surgical transection of the aorta. Blood is collected and the amount of radioactivity in 1.0 ml assessed. Then, the trachea and mediastinal contents are removed by en block dissection. 10 ml saline is perfused through the right ventricle of the heart and the perfusate allowed to exit from the aortic outlet. Then, the lungs are inflated with buffered formaldehyde, the trachea tied and the heart and thymus removed. The lungs are then quantitated for total radioactivity. Then the ratio of this value to the amount of radioactivity in 1.0 ml blood is calculated as the permeability or "lung injury" value. For animals receiving an intrapulmonary injection of 0.25 ml saline 4 h earlier, the permeability value usually lies between 0. 24 The stock solution of glucose oxidase contained 1,200 U/ml; lactoperoxidase was 340 U/ml; xanthine oxidase 25 U/ml, SOD 4,000 U/mg, and catalase 10,000 U/mg protein. On slab gel electrophoresis, the preparations of SOD and catalase (50 ,ug being applied to the gel) yielded single bands when stained with Coomassie Blue R250. Xanthine oxidase was desalted by Sephadex G-25 chromatography assayed for activity (15) , and dissolved in phosphate-buffered saline (pH 7.4) at a concentration of between 1-15 U/ml depending on the specific experiment. Specific xanthine oxidase preparations (Results) were pretreated with 5 mM phenylmethyl-sulfonyl fluoride (PMSF) and subsequently dialyzed overnight to abolish serine-protease activity. Subsequent assay for protease activity in the purified preparations showed only background activity.
SOD and catalase (Sigma Chemical Co., crystallized twice) were dissolved in phosphate-buffered (pH 7.4) saline. Reactants were kept at 5°C, added to a total vol of 0.25 ml, maintained at 5°C, and the mixture immediately injected into the lung. Each mixture was made up individually immediately before injection. Depending on the experiment, the following quantity of each reactant was used: xanthine, 90 nmol; xanthine oxidase, 0.2, 0.6, or 2.5 U (determined by the method of Salin and McCord [15] in vitro at 37°C, pH 7.4, 1 U generates 1 ,mol of 0-/min); SOD, 2.5-6 mg (10,000-24,000 U); catalase, 0.5-10 mg (5,000-100,000 U); glucose oxidase, 28, 35 , and 70 U; lactoperoxidase, 1.7 U; galactose oxidase, 20 U; glucose, 1 mg. Assuming complete substrate use, it can be calculated that the following reaction produced (assuming that no further conversion products would be generated):
90 nmol of°-(2.5 Amol/min generated from 2.5 U xanthine oxidase and 90 nmol xanthine); 6 ,.mol H202 from glucose oxi-I Abbreviations used in this paper: PMSF, phenylmethylsulfonyl fluoride; SOD, superoxide dismutase. dase or galactose oxidase and glucose or galactose (generated at the rate of 25 ,tmol/min). In the preparation of glucose oxidase, 25 U of this enzyme contained -0.7 U catalase, implying a 36-fold excess of glucose oxidase. It can be calculated that at the rate of generation of H202 by glucose oxidase, 25 /.mol/min, the rate of breakdown by contaminating catalase would be 0.7 ,umol/min. To determine if the calculated theoretical rate of formation of°2 and H202 represent accurate approximation of the experimental conditions, the quantity of°2 and H202 formed in vitro was measured. When xanthine (45 nmol) was reacted with xanthine oxidase (0.25 U) in a total vol of 1.0 ml, the rate of°2 formation was determined by the reduction of ferricytochrome c as described by Salin and McCord (15) . At 37°C, pH 7.4, the reaction was virtually complete after 45 s with -40 nmol of°2 produced. At 4°C, pH 7.4, -2 min were required to produce a comparable amount of°-. Therefore, it appears that after rapid intra-tracheal instillation of xanthine and xanthine oxidase°2 is generated rapidly as the reaction mixture is heated from 4°C to the basal temperature of rats (-37°C). The amount of H202 formed in vitro by the reaction of glucose oxidase (35 U) and 1 mg glucose in a total vol of 0.3 ml was determined by the formation of ferrithiocyanate complex as described by Thurman et al. (16) . At pH 7.4 and 37°C, the initial rate of formation of H202 was -650 nmol/min and the maximum amount present in the reaction mixture was 550 nmol at 2 min after initiation of the reaction. By 2 h, -6 ,imol of H202 had been formed. This deviation from the theoretical optimum rate of formation of H202 by glucose oxidase can be attributed to the presence ofcontaminating catalase as well as a change in pH at which the rates of formation are determined. The theoretical rate of formation of H202 by glucose oxidase was calculated on the basis of pH 5.1, whereas the data presented here was determined by pH 7.4. It is important to emphasize that the calculated and measured reaction rates of formation of the various oxygen metabolites represent theoretical values under in vitro conditions. Since it is not possible to quantitate directly the precise in vivo rate of formation of these reactants, these theoretical calculations serve only as estimates ofthe relative concentrations of the oxygen metabolites formed in vivo.
For some experiments, the preparations of catalase were chemically inactivated by reduction (with 3-mercaptoethanol) and alkylation (with iodoacetate) according to standard methods (17 There was no detectable protease activity in the preparations of lactoperoxidase and glucose oxidase, while galactose oxidase showed minimal protease activity. However, there was substantial detectable protease activity in the xanthine oxidase with as little as 0.02 U of this commercial preparation, causing -50% digestion of added radiolabeled substrate.
Neutrophil depletion experimentts. Rabbit antibody to rat neutrophils was prepared as described (19) . Rats were injected intraperitoneally with 1.5 ml rabbit serum containing the antibody -12 h before initiation of the experiment.
Mlorphological studies. At the time of sacrifice and perfusion of the pulmonary vasculature with saline, the airways were inflated with buffered formaldehyde in the standard manner and then processed routinely for light microscopy.
Statistics. The Students t test was used to compare the lung permeability changes between different animal groups.
RESULTS
Lung injury produced by xanthine oxidase. Five different experiments (A-E), using different doses of chromatographically desalted xanthine oxidase and various inhibitors, listed in Table I , were carried out to determine if xanthine oxidase would produce products, presumably O-, that would lead to intrapulmonary injury. As shown in Table I , in experiment A, the combination of xanthine and xanthine oxidase produced acute lung injury, as reflected in a sixfold increase in permeability changes within the lung, as compared with the negative (saline) control (P < 0.001). That the combination of the enzyme and the substrate was necessary for this result was shown by the failure of xanthine alone or xanthine oxidase alone to cause pulmonary injury (Table I , experiment A). The instillation of these individual components yielded results similar to the effect of saline alone. In experiments B and C, the relationship of the tissue injury to production of°-was demonstrated by the fact that the presence of 2.5 mg SOD protected the lung, achieving 42% protection in experiment B (P < 0.02) and 60% protection in experiment C (P < 0.02). When the amount of SOD was increased to 5 mg per injection (experiment B), there was only a small increase in inhibition (67%) ofthe permeability change induced by the xanthine-xanthine oxidase system. This suggests that SOD provides incomplete protection of the lung to injury induced by xanthine-xanthine oxidase products. In experiment D it was demonstrated that the acute lung injury could be significantly suppressed (P < 0.01) by the simultaneous intrapulmonary injection of SOD (54% inhibition of lung injury) but not by catalase (4% inhibition). In experiment E, in which a lower dose of xanthine oxidase was analyzed, SOD achieved 61% inhibition, whereas catalase was noninhibitory. The combination ofthe two inhibitors yielded a similar degree of inhibition (65%), suggesting that lung injury produced by instillation of xanthine oxidase is due directly to°-and not its enzymatically converted products such as H2O2 and OH (20) . The inability of SOD to inhibit completely the pulmonary damage may be due to the direct toxic effects of uric acid produced from xanthine by xanthine oxidase. This possibility 'would also be consistent with the inability of catalase to show significant inhibitory effects in lungs injected with xanthine and xanthine oxidase. Since higher doses of SOD (5 mg) showed only a small increase in inhibition of lung injury and bovine serum albumin (5 mg, experiment C), failed to alter the effects of xanthine-xanthine oxidase, this suggests that the effects of SOD are specific and do not represent nonspecific inhibition due to the presence of protein.
The inability of xanthine oxidase to produce lung injury in the absence of xanthine (Table I , experiment A) suggests that the effects of the enzyme in lung are specific to the substrate (xanthine) and not likely due to the presence of contaminating materials such as proteases. Further evidence supporting this is found in experiment B in which the xanthine oxidase was pretreated with PMSF to inactivate protease contaminants. This did not interfere with the lung-damaging activities of the xanthine oxidase when compared with the non-PMSF-treated preparation which was used in experiment C.
Acute pulmonary injury produced by glucose oxidase-lactoperoxidase. A series of experiments was carried out, as described in Table II , in which various combinations of enzymes were used to generate a variety of oxygen metabolites. As seen in experiment A, the intrapulmonary instillation of saline caused the usual, minimal change of permeability within the lung. When a limited dose (28 U) of glucose oxidase was instilled into rat lungs, the permeability changes relative to the effects of saline increased by a factor of 2, to a value of 0.35. However, the addition to the glucose oxidase preparation of 1.7 U of lactoperoxidase markedly accentuated the pulmonary damage, causing a nearly threefold increase (0.93) in the degree of lung injury when compared with injury produced by glucose oxidase dose (0.35). That the lactoperoxidase per se was not the cause of this marked accentuation of tissue injury was shown by the inability of lactoperoxidase, given alone, to cause significant lung injury. An additional control (Table II, (Table II , experiment D, value of 0.33), whereas the mixture of the two enzymes resulted in greatly intensified ltung injury, with a 2.5-fold increase in lung permeability (Table II, These data indicate that, like lactoperoxidase, myeloperoxidase has the ability to intensify glucose oxidaseinduced injury of lung.
The data in Table II suggest that lung injury can be produced if stufficient amounts of H202 are produced within the lutng. However, the most intense injury appears to occur, not with production of H202 alone, but with its metabolic, peroxidative conversion (by lactoperoxidase or myeloperoxidase), possibly involving products stulch as HOCI. Based on the inability of horseradish peroxidase to accenttuate the injury produced by glucose oxidase, it seems likely that the end product is halide-dependent, as is well shown for injury of bacteria and cells produced by glucose oxidase and myeloperoxidase or lactoperoxidase (6, 22 A dose-response for catalase-induced inhibition oflung injury was carried out over a dose range of 0.5-10.0 mg of catalase. As the data in Table III , experiment B indicate, the inhibition was directly related to the amount of catalase employed, with the half-infective dose of the inhibitor being close to 0.5 mg (which gave a mean inhibition value of 65% (P < 0.02).
In experiment C the question was addressed as to whether catalase-induced inhibition of lung injury produced by the instillation of glucose + glucose oxidase + lactoperoxidase was specific for the enzymatic activity of catalase or might be due to nonspecific inhibition due to the presence of protein. Accordingly, lung injury was compared in animals receiving active catalase (which was mixed with the enzyme reagents) with those receiving chemically inactivated catalase. As the data in Table III (experiment C) show, active catalase afforded 94% inhibition of lung injury (P < 0.01) whereas no protection against the lung injury was found with the chemically inactivated catalase. The results indicate that the protective effects of catalase are related to its enzymatic activity.
The data described in Table III are consistent with the interpretation that the intense, acute lung injury produced by glucose oxidase and lactoperoxidase is related to metabolic products of H202 and, as would be expected, does not involve O2 to any appreciable degree.
Neutrophil-independent lung injury produced by high doses of glucose oxidase. Whereas the data described above suggest that maximal lung injury occurs with the combination of glucose oxidase and lacto-peroxidase, higher doses of glucose oxidase per se can inflict severe lung injury (Table II) . To determine if the latter findings were due to recruitment into the lung parenchyma of leukocytes with release ofmyeloperoxidase, a series of rats was rendered neutropenic with specific antibody (15 However, in earlier studies we have demonstrated that the same conditions of neutrophil depletion do not, per se, result in evidence of lung injury (19) . Furthermore, by morphological analysis, no evidence of sequestered neutrophils within the pulmonary vasculature was noted. Finally, the antibody to neutrophils was injected 18 h before these experiments were undertaken. At this point, few if any circulating neutrophils are found and it is assumed that inhibition of output of leukocytes from the bone marrow is occurring. Thus, if sequestered neutrophils contribute to the injury described in this paper, their role is not obvious.
Morphological changes produced by oxygen metabolites. Intrapulmonary instillation of the various enzyme-substrate combinations described above was routinely monitored by light microscopy of fixed and stained sections of lung. The results are described in Fig. 1 . At 4 h, the instillation of 2.5 U xanthine oxidase and xanthine was associated with acute congestion of pulmonary capillaries, traces of intraalveolar hemorrhage as revealed by occasional erythrocytes, and minimal perivascular edema (Fig. IA) . At 7 d and 14 d, the morphology of the lungs was normal. 4 h after instillation of 2.8 U of glucose oxidase, 1.7 U lactoperoxidase and 1.0 mg glucose, the morphological changes included a smudging of alveolar walls (es- (Fig.  associated with the presence of neutrophils, early intra-1C). When the dose of glucose oxidase was increased alveolar hemorrhage, and rather extensive intraalveolar more than twofold (70 U) in the absence of lactoperoxideposits of fibrin (Fig. 1B) . 14 d later these lungs dase (Fig. lD) , there were acute inflammatory changes showed evidence of collapse with extensive interstitial at 4 h which were morphologically similar to those fibrosis, obliteration of alveolar spaces, and scattered seen at the lower dose of glucose oxidase plus lacto-peroxidase (Fig. iB) . However, in the absenice of lactoperoxidase, there was resoluition ofthe inflammiiiiatory reaction without progression to fibrosis. In a companion group of animals treated with the same comlbination of enzymes and substrate but also receivinig 5.0 mg catalase, the lung morphology at 4 h and at 14 d was essentially normal (data not shown).
DISCUSSION
The ability of O°, whichl has been generated by xanthine-xanthine oxidase, to damage erythrocytes has been demonstratedl by others (23, 24) . In more comiplex systems in which the role of oxygen metabolites in leukocyte-mediated injury of erythrocytes, endothelial cells, and tumior cells have been probed, evidence has been obtained that O2 and H202, or myeloperoxidaseinduced metabolites of H202 (suichl as 102 and HOCl) play a direct role in target cell injury (5, 9, 10, 25, 26) . In vivo, the evidence that these or other highly reactive metabolites play a role in injury has been largely of an indirect natture. For instance, in deoxyrubicininduced myocardial toxicity, a fall in the levels of glutathione peroxidase has been taken to reflect impaired defenses against formation of H202 (3). In rats given paraquat or diquat, a selenium-dependent factor other than glutathione peroxidase has been suggested as being involved in removal of O2 (4) . Finally, the ability of SOD to diminish the early phases of acute vascular injury produced by immune complexes in rats has suggested that°2 may play a direct or an indirect role in the early phase of the reactions that are triggered by immune complexes and lead to vascular damage (13, 14) .
The studies presented in this paper have the advantage that more direct conclusions can be reached regarding the susceptibility of the luing to damage produced by enzymes that generate an array of unstable oxygen products. Ouir data stuggest that direct (O°) products ofxanthine oxidase will cause acute lung damage, that H202 may directl) be lulng-damaging (using high doses of glucose oxidase), and that products of glucose oxidase and lactoperoxidase (102 and perhaps halide-dependent products) are particularly lungdamaging. It is obviously extremely difficult to be precise about which of these products are more important.
The inability of SOD to protect the lutng from injury produced by glucose oxidase and lactoperoxidase suggests that the critical products produced by this combination of enzymes do not involve°-. The ability ofcatalase to protect the lung from the dainage suggests that H202 or its metabolic products are central to the injury. Since horseradish peroxidase cannot potentiate the lung damage produced by glucose oxidase, the well-known halide-dependent pathway described for cell injury produiced by gltucose oxidase and lactoperoxidase/miiyeloperoxidase wouild seemii to be a likely possibility, althouigh the halide preferred by lactoperoxidase is iodide, not clhloride. In experiments emploving large doses (70 U) of gluicose oxidase in the absence of lactoperoxidase, lutng damiiage may be the direct resuilt of the generation of H202, since the availability of netutrophils (aind their conitenit of myeloperoxidase) is not involved in the injury restulting from the instillation of this prodtuct. Although it could be argued that myeloperoxidase from alveolar macroplhages (or other lung cells) couild be involved in a metabolic coniversion of H202, the finding that neutrophil depletion acttually enhanices the (legree of lung injury could be interpreted to suggest that when glucose oxidase alone is instilledl into the lutng in sufficient qutantities, the restulting injutry is due to H202 and not to derivative products. Again, there is an in vitro parallel with this observation. Neutrophils activated with phorbol myristate acetate will cytolytically alter erythrocytes in a manner that is dependent on H202 (and O-) but not uipon myeloperoxidase-mediated pathways (25) . This observation suggests a possible in vivo role of the Haber-Weiss reaction (or the enhanced iron-catalyzed reaction) and its metabolic products:°2 + Fe3+ 0
+ Fe2+
Fe2+ + H202 Fe3+ + OH-+ OH°2 + H202°02 + OH-+ OH The observation that catalase neither inhibited the lunig injuiry induiced with xanthine-xantlhine oxidase nor enhanced the inhibition of SOD suggests that under the conditions described here products of the reaction of°2 with H202 do not play a significant role in the indulction of lung injury. However, these experiments are limited by the soluLbility of xanthine in aqueous solution, restricting the quiantity of°2 generated and thereby influencing the potential formation of H202 and other metabolic products. Therefore, the observations presented here do not exclude the possibility that products of the Haber-Weiss reaction play a role on the in vivo induction of neutrophil-mediated injury.
The data presented in the paper, together with the other observations cited above, suggest the likelihood that in leukocyte-dependent tissue injury, such as that induced by immune complexes, the key products may include a variety of oxygen derivatives, involving°2, H202, and myeloperoxidase-induiced products of H202, similar to the bactericidal activity and the killing of murine tumor cells as originally described by Klebanoff and his colleagues (5, 22) . Although we do not have direct evidence that halide is involved in the reactions described in Table II , the inability of horseradish peroxidase to potentiate the damage cauised by glucose oxidase implicates the direct role of myeloperoxidase (lactoperoxidase)-H202-halide system.
With regard to the manner by which neutrophils cause tissue injury in immune complex-triggered reactions, the prevailing concepts include protease-inflicted injury due to hydrolysis of susceptible structural proteins (reviewed, 27), the generation of secondary inflammatory mediators that intensify the reaction (28), and injury due to the production of toxic oxygen metabolites. Confirmation of the direct role of leukocytic proteases has not been achieved. In fact, the evidence is to the contrary. Firstly, in mice the intensity of vascular damage produced by immune complexes is as intense in animals whose leukocytes have <5% neutral protease content as compared with injury produced in animals whose leukocytes have a full complement of leukocytic neutral proteases (29) . Secondly, we have been unable to block the immune complex-induced injury of lung and of dermal blood vessels with antiproteases that block neutrophil proteases, even though protection of this injury can be achieved with SOD (14) and with catalase (unpublished observations). It is interesting to note that the ability of SOD to block the reaction occurs only over the first 2 h, whereas catalase produces a sustained protective effect. These results could be interpreted to indicate that the neutrophil-related injury of tissue involves the early role of O2 and that the injury is propagated and intensified by H202 and/or its metabolic products. Thus, injury could be occurring through the direct action of O°, followed by its dismutation to H202, which is metabolized by neutrophils to HOCI, a proven injurious product. There is, ofcourse, no in vivo evidence that the toxic derivative of H202 is halide-dependent. Peroxidation reactions may represent the sole mechanism of injury, although in vitro studies clearly demonstrate a halide-dependent nature of cell injury that is produced by activated neutrophils and is related to toxic oxygen metabolites (5, 6) .
There is ample evidence that neutrophils activated by chemotactic peptides (which are known to be generated in immune complex triggered reactions) generate prodigious quantities of oxygen metabolites. For instance, 5 x 106 neutrophils activated in vitro by a chemotactic peptide produce 7.9 nmol O2/5 min and 9.0 nmol H202/5 min. Under the same conditions, lysozyme (a sensitive marker for lysosomal protease secretion) is not released (30) . On the basis of our recent studies measuring the accumulation of neutrophils in lungs injected with chemotactic peptides, as a model of neutrophil dependent lung injury, it can be calculated that over a 4-h period, -5 x 106 "'In-labeled neutrophils accumulate in the lung (31) . Since the indium-labeled neutrophils represent -20% of the total neutrophil count in each animal, the actual number of neutrophils present in the lung more closely approaches 2.5 x 107 cells. If these leukocytes were activated by the chemotactic peptide in a manner similar to the in vitro studies, the potential would exist for the generation within the lung over a 4-h period of 39.5 nmol°2 and 45 nmol H202. However, if these neutrophils are activated by phagocytosis of particulate matter or immune complexes, the estimated total amount of°2 and H202 generated would potentially be 500 (32) and 100 nmol (33) , respectively. Since the quantity of each reactive metabolite generated in vitro by neutrophils is dependent on species and stimulus, these calculations serve only as gross approximations of the actual amounts of°2 and H202 generated in vivo and emphasize the difficulty of assessing in vivo the precise quantity of reactive oxygen-derived metabolites generated in an acute inflammatory reaction. Nevertheless, these estimates do emphasize the considerable potential for the generation by neutrophils of a series of oxygen metabolites that have the proven capacity to injure cells.
Finally, the progression to interstitial pulmonary fibrosis of lungs from animals injured by instillation of glucose oxidase and lactoperoxidase and the lack of evolution in catalase protected rats suggest that oxygen metabolites may directly or indirectly represent an important factor in the pathogenesis of interstitial pulmonary fibrosis. The evidence from patients with idiopathic pulmonary fibrosis incriminating the role of immune complexes and neutrophils (34) provides an intriguing possible link with the studies presented in this paper. Obviously, much work remains before the linkage of pulmonary fibrotic changes and neutrophilgenerated oxygen metabolites can be confirmed.
